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ABSTRACT 

Possible anomalous top-quark couplings induced by SU{2) x U{1) gauge- invar- 
iant dimension-6 effective operators were studied in the process of ti productions 
and decays at polarized 77 colliders. Two CP-violating asymmetries, a linear- 
polarization asymmetry and a circular-polarization asymmetry, were computed in- 
cluding both non-standard tij and 77^/ couplings. An optimal-observable analysis 
for the process 77 ^ — > ■ ■ ■ was performed in order to estimate the precision 
for determination of all relevant non-standard couplings, including the anomalous 
tbW coupling. 
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1. Introduction 

A lot of data have been accumulated on the top-quark ever since its discovery pp. 
However, it still remains an open question whether the top-quark couplings obey 
the Standard-Model (SM) scheme of the electroweak forces or there exists a contri- 
bution from some non-standard physics. Next-generation e~^e~ linear colliders are 
expected to work as top-quark factories, and therefore a lot of attention has been 
paid to study top-quark interactions through ee — ^ ti (see, e.g., [3 El and their 
reference lists). 

An interesting option for e~^e~ machines could be that of photon-photon colli- 
sions, where initial energetic photons are produced through electron and laser-light 
backward scattering [UEI; such a collider presents remarkable advantages for the 
study of CP violation. In the case of ee collisions, the only initial states that are 
relevant are CP-even states \eL/ReR/L) under the usual assumption that the elec- 
tron mass can be neglected and that the leading contributions to ti production 
come from s-channel vector-boson exchanges. Therefore all CP-violating observ- 
ables must be constructed from final-particle momenta/polarizations. In contrast, 
a 77 collider offers a unique possibility of preparing the polarization of the incident 
photon beams, which can be used to construct CP-violating asymmetries without 
relying on final-state information. 

This is why a number of authors have considered top-quark production and de- 
cays in 77 collisions in order to study i) Higgs-boson couplings to the top-quark and 
photon jn]-|I2]5 or ii) anomalous top-quark couplings to photon [121-1121 • However, 
what is supposed to be observed in real experiments are combined signals that 
originate both from the process of top-quark production, and in addition, from 
its decays. In this sense, we have to conclude that in general those previous pa- 
pers are not realistic enough. Therefore here we will consider 77 — — i^X 
including all possible non-standard interactions together (production and decay), 
and perform comprehensive analysis as model-independently as possible within the 
effective-Lagrangian framework of Buchmiiller and Wyler \16^. 

The paper is organized as follows. In sec. 2 we will briefly describe a framework 
for our effective-Lagrangian approach. Section 3 will be devoted to determination of 



the operator set relevant for the ti production/decay processes, and the Feynman 
rules they induce. Based on them we compute two polarization asymmetries in 
sec. 4, and carry out an optimal-observable analysis aiming to determine all the 
unknown parameters simultaneously in sec. 5. Then we summarize our results in 
the final section. For completeness, in the appendix we collect formulas that are 
needed to describe the Stokes parameters for the initial photon beams. There we 
also present some other formulas which are necessary for the calculation of the 
cross sections (7(77 ^ tt ^ i^X). Throughout this work, we use FORM J7] for 
main algebraic calculations. 

2. Framework 

In this article we use a model-independent technique based on effective low-energy 
Lagrangian [ini EE] to describe possible new-physics effects. In this approach, we 
are supposed to consider the SM Lagrangian modified by the addition of a series of 
SU{2) X U{1) gauge-invariant operators whose coefficients parameterize the low- 
energy effects of the underlying high-scale physics. 

Assuming that the heavy degrees of freedom decouple implies that the effective 
operators have coefficients suppressed by appropriate inverse powers of A, where 
A expresses the energy scale of new physics p!^. If A ^ v ^ 250 GeV then 
the leading effects are generated by operators of mass-dimension 6 (the dimension 
5 operator violates the lepton-number conservation and therefore it is irrelevant 
hereafter) [T6] : 

i 

If the high-scale theory is a weakly-coupled gauge theory, one can show that coeffi- 
cients of the operators that may be generated at the tree level of the underlying 
theory could be 0{1) while those that can appear only at the one-loop level of 
perturbative expansion must be suppressed by at least the loop-factor l/(47r)^ [THj. 
Therefore we will assume all the couplings except those from the SM tree level are 
small and take into account neither contributions of order with n > 2 nor 

the SM higher-order terms. Below we will refer to application of Ccs as to "B&W" 
scenario Given our emphasis on top-quark physics the effects of the first two 



fermion generations will be ignored. 

In our framework, certain types of anomalous interactions are not included. For 
instance, 77Z couplings, which has been studied in [201, those couplings 

since it is not on the list of SU{3) x SU{2) x U{1) invariant dim. 6 operators (such 
an operator will appear with a suppression factor of and can be ignored). 

An extended ttH coupling is not taken into account either, since the other end 
of the Higgs propagator in 77 — > iJ — > tt is a pure non-standard 'j'jH vertex, 
which requires that the ttH coupling should come from the SM tree level within 
our approximation. 

Before going to the next section, there is an important comment in order. 
Even though our approach is model independent, one should keep in mind that we 
assume A ^ v. Consequently for the process considered here our results should not 
be directly applicable in the context of, e.g., two Higgs-doublet model with extra 
scalar bosons having their masses of 0{v). That kind of non-standard interactions 
would lead to non-local form-factors that cannot be accommodated within our 
present framework. This is because of the virtual and therefore off-shell top-quark 
line that is present in the amplitudes for 77 — tt. Note that this is quite in contrast 
to ee '-f /Z ^ ti case, where for a given -^i we are able to write down the most 
general invariant amplitude with constant form factors because all the kinematic 
variables are fixed. 

3. Anomalous couplings from dim. 6 operators 

Within the B&W scenario, the following dim. 6 operators could contribute to the 
continuum top-quark production process 77 ti: 



where we have adopted the notation from ref. |[16|. Each of the above operators 
contains both CP-violating and CP-conserving parts. 

These operators, however, are not independent. Using the Bianchi identities 
and SM equations of motion we find: 



OuB = lu-i^D^uB^^'^, 



0,B = tqi^^D.qB'^'', 



(2) 




+ 4-fermion operators + total derivative, (3) 

o,B = \[iru{o'^B + g'Ou^) + iFdio'^B + g'Od^) + h.c. ] 
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i- 



O'^^ + 4-fermion operators + total derivative, (4) 



Ogw = ^[iru{Ouw - gOu^) + iFdiOdw + gOd^) + h.c. ] 

— i^O^^ + 4-fermion operators + total derivative, (5) 

where Fu^d are the Yukawa couplings for up- and down- type quarks, respectively."^ 
These relations imply that the operators O^b, OqB and Oqw are redundant and 
can be dropped, which means the set of relevant operators is reduced to 

This reduction is important, as it allows to determine the minimal set of operators 
that are relevant for the process considered here. In practice, it can drastically 
decrease the effort that otherwise would be necessary to obtain the final and correct 
result. In particular, it shows that the contact interactions of the type ^77 should 
be dropped. 

On the other hand, the following operators contribute to 77 tt through the 
resonant s-channel Higgs-boson exchange: 

O^^ = (<^V)i?/..i?'^^ O^B = {^^v)B,,B^^-/2, (7) 

The operators that contain the dual tensors (e.g., B^^i, = e^^aisB'^^ /2 with €0123 = 
-|-1) are CP odd while the remaining are CP even. 

These operators lead to the following Feynman rules for on-shell photons, which 
are necessary for our later calculations: 



(1) CP-conserving tt'-f vertex 

— va^i ^-ff,, (8) 

(2) CP-violating ti'y vertex 

^-^va^2}^l^,lb^ (9) 
'^Notice an omission of the term iLp^ DfjLpj^ in eq.(2.14) of 



(3) CP-conserving 77if vertex 



(4) CP-violating 'yyH vertex 



(10) 



(11) 



where k and ki^2 are incoming photon momenta, and a^i,'y2,hi,h2 are defined as 

a-yi = sinOw^^icKuw) + cos^vKR'e(Q;^g), (12) 
a^2 = sinOw^T^ioiuw) + cos^iylni(a^g), (13) 
ahi = sin^ 6'vyRe(a^vy) + cos^ 6'vyRe(Q;^s) — 2sin6'H'Cos6'^yRe(Q;^ys), (14) 
ah2 = sin^ ^vKR'e(Q;^,|.) -|- cos^ ^w^Re(Q;^^) — sin 9w cos ^iyR'e(Q;,|.^). (15) 

In our notation, the standard-model //7 couphng is given by 

where e is the proton charge and is /'s electric charge in e unit (e.g., = 2/3). 

The top-quark decay vertex is also affected by some dim. 6 operators. For the on- 
mass-shell W boson it will be sufficient to consider just the following tbW amplitude 
since other possible terms do not interfere with the SM tree-level vertex when mj, 
is neglected: 



Jl -TL , , J 2 -n 



Ml 



R 



W 



where Pl,r = (1 ^ 75)/2, and and are given by 



/i^ = 1 + 



mt 



w 



^ OiDu - 2vaf^ 
4 1 

g 2 



(16) 

(17) 
(18) 



with aou and a^^^ being the coefficients of the following operators: 



Odu = iqD,u)D'^^, = iiip^D,T'ip)iqrr'q). (19) 

Finally, the uiW vertex is assumed to receive negligible contributions from physics 
beyond the SM. 

''^Note that there is another potential source of contribution, which may come from Oq^ = 
{Di_i,q)uD^(p. However, this operator could be eliminated using equations of motion; therefore, it 
is neglected hereafter. We thank Ilya Ginzburg for pointing this to us. 



4. Polarization asymmetries 

We are now ready to calculate the cross section of 77 — > tt{—>- i'^X). The work 
is straightforward and we carried it out via FORM [IT] as mentioned in sec.l. 
The analytical results are however too long to show in this paper. We therefore 
refrain from showing them here and we will present only some general formulas 
in appendix Al. As a direct application of those calculations, in this section we 
study CP-violating asymmetries. CP-violation phenomena would be an interesting 
indication of some new physics since SM contribution is negligible in the top-quark 
couplings. 

As mentioned in the Introduction, we can form CP-violating asymmetries by 
adjusting initial-state polarizations. These are characterized by the initial electron 
and positron longitudinal-polarizations Pe and Pg, the average helicities of the 
initial-laser-photons Py and P^, and their maximum average linear-polarizations 
Pt and P^ with the azimuthal angles and if (defined the same way as in |4|). P^^t 
and P^^f have to satisfy 

0<P^ + Pt < 1, < P| + P^ < 1. (20) 

Specifically we consider the following CP- violating asymmetries:^^ 

4 _ ^(X = +7^/4) - a{x = -71/ A) 
" cr(x = +vr/4) + a(x = -7r/4) 

and 

A • = ^(++)-^(--) (22) 

where cr(x = ±7r/4) means the total cross section of 77 ti with Pe = Pg = 1, 
Pt = Pi = P^ = Pxf = l/\/2 and x = — <^ = ±7r/4, while ct(±±) corresponds to 
the one with Pg = Pg = P^ = Py = ±1 (which means Pj = Pj = 0). They were 
computed as functions of the Higgs-boson mass for 

= 500 GeV, A = 1 TeV, yo = Vo = 4.828, 

0^72 = Cih2 = 0.1 

and using the SM expression for the Higgs-boson width. The results are shown in 
FigsIUandEl 



"''These were used previously in [S] in order to study the CP property of the Higgs boson 
produced in 77 H. Aun was also used in |13[I14| for studying the CP- violating tt^ coupling. 
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Figure 1: CP- violating linear-polarization asymmetry Aun as a function of the 
Higgs-boson mass computed for y/s^ = 500 GeV, A = 1 TeV, yo = Vo = 4.828, 



a^2 = ah2 = 0.1, Pe = P-e = 1, Pt = Pi = P-y = = l/v^ and X = ^ - ^ = ±vr/4. 



The sharp peak in each asymmetry comes, of course, from the Higgs-boson 
pole, where the signal will be easily observed. The resonance region has been 
already studied in great details in existing literature jE]-[l2]- Here we will study 
the possibility of extracting a meaningful signal when the average y/s^ is far from 
the Higgs-boson mass. For the parameters adopted above one can find approximate 
formulas that illustrate sensitivity to CP- violating coefficients and ah2- 
(1) niH = 100 GeV 
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(2) tuh = 300 GeV 
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(3) rriH = 500 GeV 
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Figure 2: CP-violating circular-polarization asymmetry A^r as a function of the 
Higgs-boson mass computed for ^/s^ = 500 GeV, A = 1 TeV, yo = yo = 4.828, 
= 0.1, and P^ = P^ = P^ = P^ = ±1. 

= -0.24aM- (28) 

Note that because of the 75 factor in the CP-violating ^7 vertex (jU)) its interfer- 
ence with the SM amplitude vanishes when the initial photons have pure circular 
polarizations J^. This is why the a^2 contribution to Adr is zero. 

Since the asymmetries are all small, their expected statistical errors in actual 
measurements can be computed by 

AAun^cir ^ l/4^t (29) 

and consequently their statistical significances are estimated as 

NsD = \A\/AAc^\A\^^. (30) 

We estimate Nti ~ 36,000 and 21,000 events for the linear and circular polar- 
izations respectively assuming that a luminosity of L^f = eLgg = 500 fb^^ can 
be reached for each mode (e denotes the relevant detection efficiency and Lgg is 
the integrated luminosity). In this case deviations from the SM will be observable 
provided the coefficients a^2 and ah2 are of the order of 0.1. 



5. Optimal-observable analysis 

Let us briefly summarize the main points of tliis metliod first. Suppose we have a 
differential cross section of the following form 

^ = /o(0) + Ec./.(0), 

d(j) Y 

where fo{4>) is the SM differential cross section, while /j(0)'s are known functions 
(of the same order of magnitude as /o (</>)) of the location in final-state phase-space 
0, and Ci are model-dependent dimensionless coefficients expressing non-standard 
contributions. We assume that q are so small that we can safely drop 0{cf) 
contributions. The goal would be to determine q's. It can be done by using 
appropriate weighting-functions Wi{(p) such that 



d(f)Wi{(j))^]/ I dcj) fo{(t)). 



(Note here that da /dcj) is not always a properly normalized probability distribution.) 
Generally, different choices for Wi{(f)) are possible, but there is a unique choice which 
minimizes the resultant statistical error. Such weighting functions are given by [21] 



(0) = Jo$:^u[/.(0)//o(0) - Ij/Io], (31) 



where Xij is the inverse matrix of M^j defined as 



jdct>h{ct>)fA<P)IM)-Iihlh. (32) 



and 

/o= ld<pM), li= Id4>f,{4>) 



For the weighting functions chosen in the above manner, the covariance matrix Vij 
that corresponds to Wj(0) becomes 

Vij = IoXi,/N + 0{c,), (33) 



we made the corresponding matrix including the SM term, it would become — 
J d(l)fi{(j))fj{(l))/fo{4>), where the zero-th component is the SM contribution. This matrix is what 
we have used in our previous papers. It is a simple linear-algebra exercise to show that this A4ij 
and Mij in eg. 1)^^2(1 both give the same Xij when restricted to the non-SM components. 



where is the total number of collected events. Its diagonal elements give expected 
statistical uncertainty for measurements of 

\M\ = s/Vii. (34) 

We are going to apply this technique to the final-lepton angular and energy 
distribution of 77 — > i'^X 

-PFT-I- — TT = fsM{Ei, cos 9e) + a^if^i{Ei, cos 9e) + a^2MEi, cos 9e) 
dEgd cos Og 

+ ahifhi{Ee, cos9e) + ah2fh2{Ee, cos9(,) + adfd{Ei>, cos9e) (35) 

in the ee-CM frame. Here /sm denotes the standard-model contribution, 
describe, respectively, the anomalous CP- conserving- and CP-violating-tt7-vertices 
contributions, fhi,h2 those generated by the anomalous CP-conserving and CP- 
violating 77if-vertices, and fd that by the anomalous thW-Yeiiex with 

ad = Re{f^). 

See the Appendix for details of our calculation framework. 

The covariance matrix Vij oc Xij determines our ability to measure the coeffi- 
cients Cj. However in the case considered here, it turns out that our results for Vij 
are very unstable: even a tiny fluctuation of Mij changes Xij significantly. This in- 
dicates that some of fi have similar shapes and therefore their coefficients cannot 
be easily disentangled. The only option in such a case is to refrain from determining 
all the couplings at once through this process alone. Therefore hereafter we assume 
that some of Cj's have been measured in other processes (e.g. in ee ^ ti i^X). 

In order to carry out these studies numerically, we first give full elements of 

Mij = J dEidcos9i fi{Ei, cos 9i)fj{Ei, cos 9e)/fi{Ee, cos 9i), 

where I, J = 1, ■ ■ ■ , 6 correspond to SM, 7I, 72, hi, h2 and d respectively as our 
basis. The elements = 2 ~ 6) of A^'s inverse matrix coincide with Xij 
appearing in eq. pip as mentioned in footnote 3. 

'^Note that if two fi functions were proportional to each other then the matrix My would have 
a vanishing determinant, and therefore its inverse Xij could not be determined. 



(1) Linear Polarization 

We took = = 1, P^ = P^ = P^ = P- = and x = 7r/4, which 

were used to compute Ann in the previous section as typical linear-polarization 
parameters. 
1-1) niH = 100 GeV 



Mn 


= 0.810- 10^ 


M12 -- 


= 0.173 - 10^ 


Ml3 = 


-- -0.703, 




= -0.319- 10\ 


Mi5 -- 


= -0.337, 


M16 = 


■- 0, 


M22 ■ 


= 0.377 - 10"^, 


M23 -- 


= -0.153 - 10\ 


M24 = 


-- -0.627 - 10\ 


M25 '■ 


= -0.730, 


M26 -- 


= 0.125 - 10\ 


M33 = 


-- 0.638- 10-\ 


M34 ■ 


= 0.248, 


M35 -- 


= 0.305 - 10-\ 


M36 = 


: -0.683 - 10-- 


Mu -■ 


= 0.183- 10\ 


Ma5 -- 


= 0.122, 


M46 = 


: 0.135 -10\ 


M55 ■■ 


= 0.149- 10-^ 


M56 -- 


= -0.263- 10-^ 


Msg = 


: 0.392 - 10^ 


rnu — 


ouu vjit; V 










Mil 


= 0.810- 10\ 


Mr2 


= 0.173- 10^ 


Ml3 = 


-0.703, 


Mu 


= -0.790 - 10\ 


Ml5 


= -0.152- 10\ 


M16 = 


0, 


M22 


= 0.377-102, 


M23 


= -0.153- 10\ 


M24 = 


-0.156- 10^, 


M25 


= -0.314- lOS 


M26 


= 0.125- 10^ 


M33 = 


0.638 - 10-\ 


M34 


= 0.616, 


M35 


= 0.128, 


Msa = 


-0.683 - 10-1 


Mu 


= 0.112 - 10^ 


M45 


= 0.176- 10\ 


M46 = 


0.332 - 10\ 


M55 


= 0.309, 


M56 


= 0.260, 


Mm = 


0.392 - 10^ 


niH = 


500 GeV 










Mn 


= 0.810- lOS 


M12 


= 0.173- 10^, 


Mi3 = 


-0.703, 


Mu 


= 0.374 - 10^ 


Ml, 


= -0.221 - 10\ 


Mia = 


0, 


M22 


= 0.377 - 10^ 


M23 


= -0.153- 10\ 


M24 = 


0.737 - 10\ 


M25 


= -0.425- 10\ 


M26 


= 0.125- 10^ 


M33 = 


0.638 - 10-\ 


M34 


= -0.293, 


M35 


= 0.166, 


-M36 = 


-0.683- 10-1 


Mu 


= 0.251 - 10\ 


M45 


= -0.165- 10\ 


M4% = 


-0.155- 10^, 


M55 


= 0.110- 10^ 


M56 


= 0.122 - 10\ 


Mm = 


0.392 - 10^. 



(36) 



(37) 



(38) 



(2) Circular Polarization 

What we took as circular-polarization parameters are also those used for Ac 



Pq — Pq — P^ — P^ — 1 . 

2-1) ruH = 100 GeV 

Mil = 0.460 - 10^, M12 = 0.996 - 10^, 

= -0.152- 10^, A<i5 = -0.240 - 10-^ 

yW22 = 0.219 - 10^, A^23 = 0, 

M25 = -0.481 - 10-^ M26 = 0.611, M33 = 0, (39) 

M34 = 0, M35 = 0, 

Mu = 0.748, M45 = 0.122 - 10-^ 

M55 = 0.198 - 10-9, M5e = 0.114 - 10-^ 



Ml3 


= 0, 


Mw 


= 0, 


M24 


= -0.306 - 10^ 


M33 


= 0, 


M36 


= 0, 


M46 


= 0.660, 


Mm 


= 0.229- 10^. 



2-2) mn = 300 GeV 



2-3) rriH 



Mn 


= 0.460 


■w\ 


Mt9 


= 0.996 • 10\ 


Ml3 = 


0, 


Mm 


= -0.392- 10\ 


-M15 


= -0.389, 


M16 = 


0, 


M22 


= 0.219 


■102, 


M23 


= 0, 


M24 = 


-0.793 ■ 10^ 


M25 


= -0.78 


1, 


M26 


= 0.611, 


M33 = 


0, 


MsA 


= 0, 




M35 


= 0, 


M36 = 


0, 


Ma4 


= 0.497 


■io\ 


Ma5 


= 0.502, 


Mag = 


0.171 ■ W\ 


M55 


= 0.511 


■ io-\ 


M56 


= 0.181, 


Msg = 


0.229 ■ 10^ 


= 500 GeV 












Mu 


= 0.460 


■io\ 


M12 


= 0.996- 10\ 


Mi3 


= 0, 


Mu 


= 0.168 




-M15 


= -0.110 ■ 10^ 


, Mm 


= 0, 


M22 


= 0.219 


■10^, 


M23 


= 0, 


M2A 


= 0.338 ■ 10^ 


M25 


= -0.221 • W\ 


M26 


= 0.611, 


M33 


= 0, 


MsA 


= 0, 




M35 


= 0, 


M36 


= 0, 


Mu 


= 0.920, 




Ma5 


= -0.634, 


Mag 


= -0.728, 


M55 


= 0.436, 




M56 


= 0.537, 


Mgg 


= 0.229 ■ 10^ 



All the elements Mij above are given in units of fb. In these results, the third 
components of M for the circular polarization vanish as was mentioned in sec. 4. 
Also, in accordance with the decoupling theorem shown in |22]; the elements Mie 
are always zero within our approximation of neglecting contributions quadratic in 
non-standard interactions and treating the decaying t and W as on-shell particles. 

When estimating the statistical uncertainty in simultaneous measurements of, 
e.g., a^i and ati (assuming all other coefficients are known), we need only the 
components with indices 1, 2 and 4. Let us express the resultant uncertainties as 
Aalyl ^<^hi^ where "3" means that we took account of the input Mij up to 
three decimal places. In order to see how stable the results are, we also computed 

[21 [21 

Aalyl ^'^d Aofj^l by rounding Mij off to two decimal places. Then, if both of the 
deviations |Z\q;!^^| — Aa^^l^f^^-^^l/ Aa^^l^f^^ are less than 10 %, we adopted the results 
as stable solutions. Therefore, the ambiguity of the following results Aai, which 
are /^af^, is at most 10 %. 

1) Linear Polarization 

What we obtained as stable solutions for linear polarization are 
• Independent of ttih 



Aa^2 = 73/\/Ni, Aad = l.9/^Ni 



(42) 



• mH= 100 GeV 



Aah2 = 107/ VAT,, Aad = l.Q/^N,, (43) 

• mH = 300 GeV 

Aahi = 3.4/ Aaa = 3.2/ (44) 
where ~ 4, 000 for = 500 fb^^ 

2) Circular Polarization 

Stable solutions which we found for circular polarization are 

• mH = 100 GeV 

Aahi 

• mH = 300 GeV 

Aahi 
Aah2 

• mH = 500 GeV 

Aahi 
Aah2 

where A^^ ~ 2, 300 for = 

Unfortunately, we did not find any stable solution including Aa^i. We therefore 
have to look for other suitable processes to determine this parameter. The precision 
of a^2 is not satisfactory either, but since this is a CP-violating parameter, we will 
be able to get some information on it from the CP asymmetries which we gave in 
the previous section. 

The above results are for A = 1 TeV. When one takes the new-physics scale 
to be A' = XA, then all the above results (Aai) are replaced with Aai/X^, which 
means that the right-hand sides of eqs. ()42|) - P^ are multiplied by A^. 

'^We used the tree- level SM formula for computing N^, so we have the same Ni for different 
niH- 



= 9.0/^ N,, Aaa = 3.0/ ,JN,, (45) 

= 3.5/ Aad = 3.0/ (46) 

= 35/^^^, Aad = 3A/^e, (47) 

= 7.7/ Aa^ = 2.8/ (48) 

= lO/^e, Aad = 2.8/^e, (49) 
: 500 fb-^tt^ 



It should be mentioned here that the above estimation of expected errors does 
not take into account a possible background. However the top-quark tagging in 
the one-lepton and six-jets final state is relatively straightforward and therefore 
should not increase the uncertainties found above very dramatically. Of course, in 
the real experiment, one will have to redo the analysis taking into account not only 
the background, but also all the systematic errors which are unknown at present. 
Therefore the fully realistic analysis cannot be performed at this moment. 

6. Summary and discussion 

We have studied here beyond-the-SM effects in the process 77 — > ti{—^ i^X) for 
arbitrarily-polarized photon beams, taking advantage of the fact that one can con- 
trol polarizations of the incoming photon beams. Non-standard interactions have 
been parameterized through dim. 6 local and gauge symmetric effective operators 
a la Buchmiiller and Wyler JE] toward the first realistic comprehensive model- 
independent analysis of the process. We listed all the necessary operators and the 
corresponding Feynman rules. It was shown that in the list of operators that seem 
to contribute there are some which are redundant and should be dropped in the 
analysis. Assuming that those new-physics (NP) effects are small, we have kept 
only terms linear in modification of the SM tree vertices. 

We first computed two CP-violating polarization asymmetries for linear and 
circular photon polarizations, and found there are good chances of detecting their 
signals. We then applied the optimal-observable technique to the final-lepton- 
momentum distribution, and estimated statistical significances of measuring each 
NP-parameters. Unfortunately, we had to conclude that it is never realistic to try 
to determine all the independent NP-parameters at once through 77 ^ i^X 
alone, but still we would be able to perform useful analysis if we could utilize 
complementary information collected in other independent processes. 

We have not discussed here a possible background. This is mainly because iden- 
tifying the ti final state in semileptonic-hadronic decays is easy, since we always 
have a very energetic charged lepton and the other (anti)top quark decaying purely 
hadronically with an invariant mass of rrit. That is, the tagging in this particular 
final state will be relatively easy. However, some comments on background esti- 



mation will be helpful. Although the most serious background is W^-boson pair 
productions and indeed its total cross section could be larger than atotitt), a ded- 
icated simulation study [23| has shown that ti events can be selected with signal- 
to-background ratio of 10 by imposing appropriate invariant-mass constraints on 
the final-particle momenta. 

It should be stressed that for the purpose of future data analysis it is unavoidable 
to have a tool which would allow consistently to control all possible effects. For 
instance it is conceivable that some non-standard effects from the top-quark decays 
would mimic another non-standard interactions from the ti production process, 
therefore without an analysis that allows to control all those contribution any 
meaningful data analysis would be impossible. 

Finally, it should be emphasized here that the effective-operator strategy adopted 
in this article is valid only for /I ^ f ~ 250 GeV, in contrast with e^e^ —>■ ti ^ 
i^X. Should the reaction 77 — > — i^X exhibit a deviation from the SM predic- 
tions that cannot be described properly within this framework, this would be an 
indication of a low-energy beyond-the-SM physics, e.g., two Higgs-doublet model 
with relatively low mass scale of new scalar degrees of freedom. 
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APPENDIX 
Al. Cross section for 77 ti — > i^X 



For photons with definite polarizations the cross section for 77 — > tt is given by 

da(77 ^ tt) = C\Mape^{h)if{h2)\'' 

= CMai3e''ih)e^{h2)M;,e*f\h)~e*'^{h2), (50) 

where C expresses the kinematically-determined part, and hi^2 are the hehcities of 
the initial two photons: 

e'{h,) = ^{e1 + ih^e^2), nh2) = ;^(-e? + ih^e^^) (51) 
with = (0, 1, 0, 0) and = (0, 0, 1, 0). Since e'^(±l) and e'^(±l) are 

^'^(±1) = ^(e^' ± ^ei^), e^(±l) = ^(-e^ ± ^e^), 
we can express e^{hi) and e'*(/i2) as 

a=±l a=±l 

where the coefficients are e^^ = (1 ± hi)/2 and e^^ = (1 ± /i2)/2. In terms of these 
quantities, the above cross section is 

c/a(77 -^ti) = C (^e^*e^ef^*MapM;^e"ia)e*''ic)i^{b)t^{d) 

= C E eV*e''e'^*r"'^'^'^ . (53) 

The actual cross section ^(7(77 — > it) measured at experiments is obtained by 
multiplying the above cross section with the photon-spectra functions dN/dy and 
dN/dy, which work similarly to the parton-distribution functions inside hadrons 
and replacing e"'e'^* and e^e'^* with the spin density matrices p and p respectively, 

a,b,c,d=±i ■' "-y 

where 

da^^''^{y,y)^CT^^''^{y,y) 

is the cross section for two initial photons carrying energy-fraction y and y of those 
of e and e, piy) and p{y) are expressed in terms of the three Stokes parameters as 

p{v)--( ^^^'^y^ Uy)-iUy)\ .55^ 



in our choice of polarization vectors (jKTjl . Since da°''^'^'^{y,y) is Lorentz- invariant, 
we can calculate it in the tt(77)-CM frame. 
The maximum of y and y is given by 

yma. = ymax = Z/o/(l + Vo) and < ?/o < 2(1 + v^) ~ 4.828. (57) 

Since we are interested in ti productions, y and y must satisfy 

yy > Arnf/s. (58) 

Therefore the upper and lower bounds on these variables in the integrations of 
eq.(jS3I) are 

ymax = ?/o/(l + yo), Vmin = 4m^/ (symax), (59) 

Vmax = yo/(l + Vo), Vmin = / (sy). (60) 

The photon-spectrum function dN{y)/dy and C,i{y) in the spin density matrix 
p{y) immediately after its production at the conversion point are given by the 
following formulas: 

dNiy)/dy = Ciy)/Diyo), (61) 

Uy) = '^PtM^vMy)?/c{y), (62) 
Uy) = [ Pef2{y) + P.fsiy) ]/C{y), (63) 

Uy) = 2PtCosi2^)[r{y)]yCiy), (64) 



where 



Ciy) = foiy) + PePyfi{y), (65) 

D{yo) = Doiyo) + PeP^^id/o), (66) 

fo{y) = 1/(1 -y) + l-y- Ar{y) [ 1 - r{y) ], (67) 

f\{y)=yi2-y)[l-2r{y)]/{l-y), (68) 

f2{y) = yor{y)[l + (l - y)[ l - 2r(t/) ]2 ], (69) 

/3(i/) = [ 1 - 2riy) ][ 1/(1 - y) + 1 - y ], (70) 



r{y) = y/[yo{l-y)l (71) 
DM = (1 - 4/yo - 8/yo') ln(l + yo) + 1/2 

+ 8/1/0 -l/[ 2(1 + yo)'], (72) 
Di(yo) = (1 + 2/yo) ln(l + Z/o) - 5/2 + 1/(1 + yo) 

-l/[2(l + yo)'], (T3) 

which are of course common to dN{y)/dy and C,i{y) too. 

Finally, combining thus-calculated da{'y'y ti) with dr{t — * iX) through the 
Kawasaki-Shirafuji-Tsai formula [25 , we arrive at the cross section da{'~f'~f —>■ tt ^ 

e^xy. 

da da ,^ ^ „ . 

— = — l + 2^t + + 

dPe dp^ 

f ,~ da , . 1 dr ^ f , da , . 1 dF 

Here dp denotes the Lorentz-invariant phase-space element dp/[ (27r)^2p°], dF/dp^ 
is the spin-averaged top-quark width 

dF dF ^ 

— = —{t^i + ---), 
dPi dpi 

Bi = F/Ft, and da{st = n)/dp^ is the single-top-quark inclusive cross section 

da , ^ da ,^ ^ . 
— {st = n) = — 1 + 2^t + -- - ■ st=n) 
dPt dpt 

with the polarization vector st being replaced with the so-called "effective polar- 
ization vector" n 





X/spin J 


f d<P BA+-f5YB 






f d<P BA+B 



(75) 



where the spinor B is defined such that the matrix element for t{st) i + ■■■ is 
expressed as But{pt, St), = + nit, d(p is the relevant final-state phase-space 
element, and X^spin denotes the appropriate spin summation. dF{t iX) for the 
amplitude (fT^ is given by 

1 dF 1+P 3Be r ^ , ^/ 1 3 m 

'-^[l + 2Re(/2^)v^(- — --) (76) 



Ft dxdu (3 W 



l-u 1 + 2r 



where r = (Mvy/m^) , W = {1 — r) (1 + 2r), lu = (pt — pi) /mf, and x is defined 



by the tt CM- frame lepton-energy and [3 = Jl — 4mf /s as 



Note that eq. ()74j) holds very generally as long as the narrow- width approximation 
is applicable to both the top-quark and ly-boson propagators. 

A2. Cross sections in ee- and 77-CM frames 

Calculations of cross sections are much simpler in 77-CM frame, while actual exper- 
imental measurements are performed in ee-CM frame. Any observables expressed 
in these two frames are of course connected via a proper Lorentz transformation. 
We summarize here some necessary formulas. 

Let us express the lepton energy and scattering angle in ee-CM frame as E and 
9, and those in the 77-CM frame as E* and 9* . Their relation is given by 

E{l-Pco^9) cos9-f3 
Vl — p"* 1 — pcost^ 

where 

P = {y-y)/{y + y), (78) 

y and y are the energy fractions of e and e carried by the initial photon 1 and 2, 
which appeared in eq.()54j). The scattering angle is defined as the angle between 
the final- lepton i and the initial-photon 1. 
Based on these formulas, we have 



dEd COS 9 J dy dy dEd cos 9 



where the Jacobian J{y, y) is given by 

J(y^y) = v^i^n- (80) 

1 — p cos 9 

da{y,y)/{dE*d cos 9*) is originally a function of E* and cos 6'*, but they have to 
be re-expressed in terms of E and cos 6' in eq. ()79|1 through the relations given in 
eq.dZZI). 



Finally let us show the integration region for E and cos 6' in da/ {dEd cos 9). It 
is easy to confirm 



-l<cosr<+l <^ -l<cos^<+l. (81) 

On the other hand, the upper and lower bounds of the energy are a bit more 
complicated. Since 



mr I- f3*{y,y) ^ ^* ^ ^ / l + /3^(y,y) 
2 n + P^{y,y) - - 2 U-P*iy,y) 



where f3*{y,y) = Jl — Amf /{yys), one obtains 



2^* V 1 + P^iy,y) 1 - /5cos0 - - 2 *V 1 - P^iy, y) 1 - /^cos^ ^ ' 

Since the right (left) -hand side takes its maximum (minimum) for y = y = ymax, 
we have 

\mtrJ^—^^ <E< im»/^i^^ (83) 
for the energy integration in the ee-CM frame, where I31^ax = {.Umax, ymax)- 
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